Abstract. The avalanche of next generation sequencing data has led to a rapid increase of annotated microRNAs in the last few years. Many of them are specific to individual species or rather narrow clades. A closer inspection of the current version of miRBase shows that dozens of entries conflict with other ncRNAs, in particular snoRNAs. With few exceptions, these cases show little similarities to canonical microRNAs, however, and thus they should be considered as mis-annotations.
Introduction
MicroRNAs and small nucleolar RNAs are thought of distinct classes of ncRNAs with very different functions. While microRNAs are matured to ∼ 20nt sequences that direct post-transcriptional gene silencing, snoRNAs canonically guide, in their complete form, the chemical modification of mostly rRNAs and snRNAs [1] . On the other hand, high-throughput sequencing studies revealed that snoRNAs are a prolific source of sequence fragments of microRNA size [2] [3] [4] [5] , termed sdRNAs. At least some of these snoRNA-derived small RNAs, similar to microRNAs, interact human Argonaut and affect gene expression [6] . Recently, efficient gene silencing has been demonstrated for 11 small RNAs derived from box C/D sno-miRNA [5] . Similar short RNAs, in a few cases with validated functions in gene silencing, are also produced from most other well-known structured RNAs including Y RNA [4, 7] , vault RNAs [8] [9] [10] , snRNAs [4] , and tRNAs [11] [12] [13] [14] . Recent work [15] , furthermore, cast doubt on the microRNA nature of several short RNA products that likely originate from the 3'-end of matured tRNAs since they include the post-transcriptionally append CCA tail. The large numbers of CCA-tagged reads from nearly all tRNAs, which are abundant in deep sequencing data, supports a tRNA-origin of a few annotated "microRNAs".
Canonical microRNAs are generated from a quite specific processing pathway [16] : a polymerase II transcript, the primary miRNA precursor (pri-miRNA) is cropped by the DroshaDGCR8 complex, also known as Microprocessor. The resulting pre-microRNA hairpin uses the exportin-5 pathway to reach the cytoplasm, where it is cleaved to generate the mature miRNA. Early reports [17] of pre-microRNAs originating from pol-III transcription have recently been refuted [18] . A survey of human pol-III transcription [19] , furthermore, recovered no annotated microRNA except two mis-annotations: a vault RNA (hsa-mir-886) and the Y5 RNA (hsa-mir-1975) . Mirtrons, on the other hand, are short introns forming stable hairpin structures [20] [21] [22] [23] . Both ends of mirtrons are defined by the splice sites. A related, mirtron-like source of small RNAs requires both splicing and exosome-mediated trimming to extract the pre-microRNA hairpin [24, 25] . In this case only one end of the precursor hairpin is defined by the splicing reaction. The production of small RNAs from these intronic precursors is independent of Drosha [22, 25] . A recent review [16] lists several additional esoteric pathways, including at least two of them independent of both Drosha and Dicer.
The similarity between H/ACA snoRNAs and microRNAs has been noticed in several computational studies. For example, [27] reports twenty miRNA precursors that show significant similarity to H/ACA snoRNAs; five of these (miR-151, miR-605, mir-664, miR-215 and miR-140) even bind to dyskerin, a component of the H/ACA snoRNP. Some microRNAs, furthermore, are known to be predominantly localized in the nucleolus [28] emphasizing their snoRNA-like features. This may suggest that a subset of microRNA precursors may have evolved from snoRNAs [27] . The production of small RNAs from snoRNAs, on the other hand, is independent of Drosha [6, 3, 5] , and in some cases Drosha even inhibits sdRNA formation [3] , suggesting that the snoRNAs and (canonical) microRNAs are in general clearly distinguished entities.
Here we investigate systematically the conflicts in annotation between microRNAs in miRBase [29] and other classes of ncRNAs as defined by a variety of other databases. Since most of the conflicts, not surprisingly, concern overlaps of microRNA and snoRNA assignments, we focus in particular on these cases.
Conflicting microRNA Annotation
In order to determine to what extent the microRNA annotation of miRBase conflicts with non-coding RNA annotation stored in other databases, we retrieved the mature miR sequences from miRBase (v. 16) and compared them against Rfam [30] (v. 10.0) using the mapping tool segemehl [31] . We found 38 mature miRNAs mapping perfectly to other annotated ncRNAs. Stringently requiring exact hits of sequences from the same species and collapsing overlaps observed in more than one species left 26 examples. In addition, a few previously known cases from the literature have been included in Table 1 . Most of the overlaps concern snoRNAs. In some cases, these "mature microRNAs" have length of 24 or larger, i.e., outside the range observed for canonical microRNAs.
It is important in this context to recall the common practice of annotating microRNAs. Experimental evidence is almost always only available for the mature microRNA. After mapping the mature sequence to genome, putative precursor hairpins are then assigned based solely on computational secondary [5] in human. ¶ also discussed in [27] . * overlap of microRNA and snoRNA annotation in multiple species.
1 the mature hsa-miR-1246 maps both to the U2 snRNA and a degraded hairpin-like structure deriving from a MLT1M ERVL-MaLR repetitive element. structure predictions of the surrounding genomic DNA sequence. In many of the cases listed in Tab. 1 we observe that the annotated precursor hairpins only partially overlap alternative annotations, while the short RNA may arise from either of the conflicting putative precursors. Crucially, annotations as snoRNAs or other RNA classes are often supported by direct evidence, such as cloning and sequencing or Northern blots, which are lacking for the putative pre-microRNA.
One possibility to distinguish evolutionarily conserved microRNAs from evolutionarily conserved other ncRNAs, say snoRNAs, is to evaluate the patterns of Fig. 1 . Examples of putative microRNAs that are most likely mis-annotated. L.h.s.: SNORD100 is a well-conserved box C/D snoRNA, while "mir-1454" would be specific to chicken. R.h.s.: The annotated platypus mir-1348 precursor sequence is located in a putative precursor hairpin whose 5' side is not conserved at all. The, alternative explanation, the 5' side of the 2nd hairpin of the box H/ACA snoRNA SCARNA15, on the other hand, is highly conserved.
sequence conservation. Clearly, this can be conclusive only in those cases where both the mature microRNA and the snoRNA map to unique positions in the genome. Otherwise, the microRNA might, e.g., derive from a paralog of the conserved functional snoRNA locus. A likely example for the latter is tgu-miR-2995, reported as a species-specific microRNA in the zebrafinch. It derives from a degraded paralog of SNORA54 rather than the syntenically conserved, complete, and presumably functional copy of SNORA54. The NAPIL4 gene harbors a single complete copy of SNORA54 in both chicken and zebrafinch. In addition, both tgu-miR-2995 and a part of the SNORA54 sequence also map to different, more 5', intron of the same gene in the zebrafinch only. This mechanism for generating novel microRNAs is consistent with two well established facts: snoRNAs are known to behave like retro-elements in many genomes [32, 33] , and several well-document microRNAs arose by exaptation from repetitive elements [34] . It is a possible explanation for the origin of the snoRNA-like microRNAs in [27] .
In many cases, however, the putative microRNA is rather poorly conserved and there is little or no conservation for the precursor hairpin, while at the same time the alternative annotation as a snoRNA or other ncRNA features a deep phylogenetic conservation. UCSC Genome Browser representations of two examples are shown in Fig. 1 . Although there is clear block of short RNAs for chicken mir-1454, the sequence conservation is extremely poor and there is no signal for a matching miR*. Thus, if mir-1454 is indeed a microRNA, it is almost certainly specific to chicken. On the other hand, SNORD100 is conserved at least across vertebrates. Since there is no paralog of the snoRNA in the chicken genome, it is parsimonious to assume the short reads interpreted as mir-1454 constitute an sdRNA deriving from a box C/D snoRNA precursor. Another example of this kind is SCARNA15, a box H/ACA snoRNA, for which a platypus mir-1348 was annotated, Fig. 1B . The 3'arm of the microRNA containing the annotated mature sequence overlaps the 5'arm of the second hairpin of the H/ACA snoRNA. The stem loop structure of the putative pre-microRNA untypically shows two larger interior loops, while the putative snoRNA shows a perfect double stem loop pattern with perfect conservation of both the H and ACA boxes. Again, the detailed inspection of the locus suggests that it should be considered as a conserved snoRNA rather than a microRNA.
In addition to manual inspection, we applied the class-specific gene finders RNAmicro [35] and snoReport [36] to assess the overlaps of microRNA and snoRNA annotations of Table 1 . The possible classifications are (1) microRNA but not snoRNA, (2) vice versa, (3) both classes predicted with high probability and (4) no classification as microRNA or snoRNA at all. As expected, the majority falls into the classes (1) or (2) . There are only three candidates for case (3) . Neither class is assigned in cases where the putative microRNA precursor hairpin is not conserved in related species so that RNAmicro cannot be used, and snoReport fails to recognize a box H/ACA or box C/D snoRNA structure.
The main advantage for classifying microRNAs with RNAmicro is the use of comparative information. Thus, stem loop structures of annotated microRNAs that look characteristically at a first glance are nevertheless not classified as microRNA if the conservation pattern is not as expected for typical microRNAs. Applying snoReport to those sequences (extended if necessary) almost always yields good snoRNA classification. A nice example is the overlapping annotation of mir-1940 and SNORA26 in mouse. While the secondary structure of the annotated miRNA in mouse and related species is a nicely conserved stem loop the underlying conservation pattern is not miRNA-like (constantly high at the mature and mature-star part and low in the hairpin loop region). This is the reason for the low prediction probability (p = 0.000017) of the RNAmicro SVM. The clear occurrence and conservation of the H and ACA box, their distances to each other and the hairpin-hinge-hairpin-tail secondary structure prediction pattern, however, yields a high classification probability (p = 0.97 for box H/ACA snoRNA) of the snoReport SVM.
Comparative Analysis of H/ACA hairpins
Most box H/ACA snoRNAs consist of two hairpins. We ask here whether hairpins that give rise to large amounts of small reads are more "microRNA-like" than hairpins of H/ACA snoRNAs that are no prolific sources of short RNA products. Hence, we employ an SVM classifier that is trained from two disjoint sets of hairpins: (1) The bona fide evolutionary conserved microRNA precursor compiled in [37] , which contains neither repeat-derived microRNAs nor lineagespecific ones. (2) A H/ACA hairpin set consisting of those hairpins of H/ACA snoRNAs that show very low levels of short RNA production. To determine small RNA molecules originating from these loci we used mapped reads from different developmental stages of the human brain (GSE18012). Using principal component analysis, we selected the following features for the final SVM classifier: the mean pairing probability of all nucleotides, the number of bound bases, the GC content, the longest paired region, the energy z-score of the precursor and its flanking region, the number of asymmetric bulges of the miRNA arms, as well as the conservation of the arms and the loop of the hairpin. The libSVM classifier was trained and executed in R, using the e1071 package. Repeatedly using 1/3 of the randomly chosen positive and negative loci to trains the SVM resulted in a positive predictive value of 0.94, a sensitivity of 0.88, and a specificity of 0.87. We apply the SVM to the complete set of microRNAs, including the putative mis-annotations. The classification results are compiled in Tab. 1. Overall, two thirds of the annotated microRNAs with conflicting annotation are not recognized as "microRNA-like" by this approach, supporting our view that these sequence do not constitute true microRNAs.
Discussion
In addition to an increasing number of transcripts with multiple processing products and multiple functions, an increasingly diverse universe of small RNAs has been described. Small RNAs are produced by a wide variety of mechanisms, they originate from a broad array of source transcripts, and they exert a broad range of biological functions. This begs the question what exactly should be considered as a microRNA as opposed to the many other types of small RNAs. The most inclusive definition, favored in at least part of the literature, encompasses any short RNA that is incorporated in an Argonaute complex. This point of view has lead to the inclusion in miRBase of significant number of small RNAs that are from snoRNAs, snRNAs, tRNAs, and other structured RNAs. We systematically search for such cases and investigated to what extent the ambiguities in the annotation can be decided. We found that short RNAs can often be recognized as products of well-know structured ncRNAs other than microRNAs, leaving also the annotated putative pre-microRNA hairpin doubtful at best.
Although the definition of "microRNA" at first glance may seem to be a purely semantic issue, it has important consequences in practice, since it determines what is included in databases such as miRBase. This in turn determines, e.g., what is used in practice as training sets for machine learning approaches. In the case of microRNAs, for which typically the precursor hairpins are utilized, one unknowingly works with contaminated datasets when "microRNAs" are included that are not produced in the canonical way or not all from the annotated data set. The inclusion of mitrons and other non-canonical precursors, for instance, precludes the identification of features associated with Drosha processing. From this point of view, a more stringent curation of microRNAs as well as an explicit annotation of the source of the short RNAs would be highly desirable.
